The enhanced local fields around plasmonic structures can lead to enhancement of the excitation and modification of the emission quantum yield of fluorophores. So far, high enhancement of fluorescence intensity from dye molecules was demonstrated using bow-tie gap antenna made by e-beam lithography. However, the high manufacturing cost and the fact that currently there are no effective ways to place fluorophores only at the gap prevent the use of these structures for enhancing fluorescence-based biochemical assays. We report on the simultaneous modification of fluorescence intensity and lifetime of dye-labeled DNA in the presence of aggregated silver nanoparticles. The nanoparticle aggregates act as efficient plasmonic antennas, leading to more than 2 orders of magnitude enhancement of the average fluorescence. This is comparable to the best-reported fluorescence enhancement for a single molecule but here applies to the average signal detected from all fluorophores in the system. This highlights the remarkable efficiency of this system for surface-enhanced fluorescence. Moreover, we show that the fluorescence intensity enhancement varies with the plasmon resonance position and measure a significant reduction (300×) of the fluorescence lifetime. Both observations are shown to be in agreement with the electromagnetic model of surface-enhanced fluorescence.
■ INTRODUCTION
Noble metal nanostructures, when illuminated close to their plasmon resonance, create enhanced local fields, leading to antenna-like behavior. These optical antennas, 1−3 similar to radio-frequency antennas in receiving mode, capture free-space electromagnetic radiation and focus it into a region that can be much smaller than the diffraction limit. Additionally, these nanoantennas can operate in transmission mode, enhancing and/or channeling the output of a nearby emitter into the far field. 4 Thus, there is a large interest in using these structures for the enhanced excitation and detection of fluorescence, so-called surface-enhanced fluorescence (SEF). 5 While even a single gold nanosphere can act as an optical antenna, 6, 7 its efficiency in fluorescence enhancement is limited. The main reason for this limitation is that the plasmon resonance for spherical gold particles occurs in a wavelength range where losses (through optical absorption related to interband transitions) are important; i.e., the imaginary part of the dielectric function is relatively large. One possible solution to overcome this limitation is the use of different geometries and shapes, such as shells 8, 9 or rods, 10, 11 which shift the plasmon peak of the particle to a wavelength range with lower absorption losses, leading to higher fluorescence enhancement. Alternatively, the use of silver instead of gold can lead to higher fluorescence enhancement, 12, 13 as the plasmon resonance for silver spheres is at a wavelength where its optical absorption is low. To achieve even higher levels of fluorescence enhancement several groups have used gap-based antennas. 14−18 This type of antenna, where two or more metal structures are positioned with a small gap between them, can lead to much higher field enhancement than single particles, as most of the local field is confined to the gap. 19, 20 One possible application of plasmonic structures is to enhance the detection of dye-labeled molecules in biomolecular diagnostic assays. For this, the average enhancement of fluorescence over all dye molecules present (rather than the single molecule enhancement) is the important factor, and therefore discrete gap antennas made on surfaces by lithography are not effective because they concentrate the light to spots that are small and far apart. Interestingly, more than 30 years ago, Creighton 21 published the first report of surface-enhanced Raman scattering (SERS) in aggregated noble metal colloids. Although it was many years before optical antennas were suggested, coaggregation of silver nanoparticles and the adsorbed target molecules form electromagnetic "hotspots" in which very large surface-enhanced Raman signals are possible. Since then, these self-assembled gap-antenna-like superstructures have been heavily used for SERS, 22 including for the detection of Raman spectra of single molecules. 23−27 We have recently shown that the "hot-spots" created in silver nanoparticle aggregates can also lead to very high enhancement of the fluorescence, when dyes are in the hot-spot but not directly adsorbed on the metal surface. Despite the much shorter distance of the fluorophore to the metal surface than typically used (5−20 nm 5−7 ), large SEF enhancements are nevertheless predicted and observed 28, 29 in such gap-containing systems. While our previous study put the emphasis on the theory behind the phenomenon, and the effect of the original quantum yield on the observed enhancement, it was limited to a single excitation wavelength (532 nm) which is close to the plasmon peak position very early in the aggregation process. This allowed us to achieve a moderately high fluorescence enhancement only for a short period of time and prevented us from getting reliable corroborative data such as fluorescence lifetime measurements to make an estimate of the field enhancement involved in the process. Here we discuss the time-dependent evolution of the average plasmon-interaction peak during aggregation and its effect on the average enhancement of fluorescence. The average plasmon peak reaches an almost constant value after a few minutes, which enabled us to demonstrate large and stable enhancement of the average fluorescence of more than 150 times. As far as we know, this is the highest published average fluorescence enhancement to date and is comparable with the best-reported values for single-molecule SEF (when correcting for the effect of the fluorescence quantum yield QY, see below). Moreover, we show that such large enhancements are concomitant with extreme reduction (>300×) of the observed fluorescence lifetime.
■ MATERIALS AND METHODS
Reagents. Atto 655 (A655) dye-labeled DNA and nonlabeled control had the following sequence: 5′-dye-TGGAAGTTAGATTGGGATCATAGCGTCAT-3′. These oligonucleotides were custom synthesized by IBA GmbH (Goẗtingen, Germany). All other chemicals were purchased from Sigma-Aldrich.
Nanoparticle Synthesis. EDTA-coated Ag nanoparticles were synthesized according to a modified literature procedure: 30 In brief, 500 mL of a 0.16 mM EDTA solution containing 4 mM NaOH was heated to boiling under stirring. 5 mL of 26 mM AgNO 3 solution was added in four aliquots of 1.25 mL, and the solution was held at boiling for 20 min with continuous stirring.
Time-Dependent Absorption Measurements. Fast absorbance spectral measurement was done by a CCD-based spectrometer. Light from an AvaLight-Hal light source (Avantes, The Netherlands) is coupled into a 50 μm multimode fiber (Thorlabs M14L01) and is coupled in a fiber-based cuvette holder (Thorlabs CVH100) with mounted optical filters (BG 40-IR and Roscolux #71). Transmitted light from the cuvette is coupled to a photospectrometer (Ocean Optics QE65000) by use of second fiber. Custom LabView software for the spectrometer allows for single or repetitive measurements with a fixed time interval. The dynamic range is limited by the 16 bit depth of the spectrometer. Intensity compensation is necessary to maintain a good dynamic range over the full wavelength range. Compensation of the light source was achieved using a BG 40-IR filter, while compensation for the spectrometer efficiency was achieved using a Roscolux #71 Sea Blue filter. All measurements were done with 0.5 s integration time. Spectra were corrected for dark noise and absorption was measured relative to a blank (cuvette with buffer only). The peak wavelength was extracted from the data by fitting a sixth-order polynomial to the area around the peak and using the peak position from the fitted curve.
Measurement of Fluorescence. Fluorescence was measured using a Tecan Safire II fluorescence plate reader equipped with a Quad4 monochromator.
SEF Measurements. For SEF measurements, as-synthesized Ag-nanoparticles were diluted in 6 mM phosphate buffer, pH = 7.1, to a concentration equivalent to 1.6 OD (as measured in a 10 mm path length cuvette). 40 μL of 2.5 nM dye-DNA diluted in water was mixed with 40 μL of 100 μM spermine in 10 mM Tris buffer (pH = 7.4), and then 120 μL of the diluted Ag nanoparticles was added. The final concentration of dye-labeled DNA was 500 pM.
Calculation of the Quantum Yields of Dyes. The calculation of quantum yield for A655 attached to DNA and for free A655 was done in a similar fashion to that previously reported by us. 28 We used sulforhodamine 101 dye in ethanol as the reference dye (assuming QY of 0.95 31 ). All fluorescent emission measurements for QY calculation were carried out on a Cary Eclipse fluorescence spectrometer (Varian).
Time-Resolved Fluorescence. Time-resolved fluorescence spectra were recorded with a subpicosecond streak-camera system combined with a grating (50 grooves/mm, blaze wavelength 600 nm) with the central wavelength set at 700 nm, having a spectral width of 260 nm (for details see refs 32 and 33). Vertically polarized excitation pulses of ∼100 fs and 615 nm were used to excite the sample; the spot size diameter was typically ∼100 μm, and the laser repetition rate was 250 kHz. The detector polarizer was set at the magic angle orientation, and a time range of 800 ps was used. To minimize the scattering from the sample, two long pass filters with cut-on wavelength of 630 and 645 nm were added between the sample and detector. For scattering signal only, the second filter was removed. Streak images were obtained and corrected for background and photocathode shading and then sliced up into traces of 4 nm width.
Data Analysis of Time-Resolved Measurements. Data obtained with the streak-camera setup were analyzed in two different ways: (i) global analysis with the R package TIMP with the IRF being determined by the software (for details see refs 34 and 35) and (ii) analysis of averaged decay curves which cover the wavelength range of 680 ± 10 nm. Here, we used the scattering beam as our instrument response function (IRF), and custom-written software was used to do the deconvolution.
36
Analysis i provides us the decay associated spectra (DAS), while analysis ii was used to determine lifetimes. polycationic small molecule. Note that the results presented here are not specific to the particular DNA sequence or fluorophore chosen, although minor changes are expected for other choices. 28 The aggregation of negatively charged metallic nanoparticles by positively charged small molecules is a dynamic process, which leads to an increase in cluster size with time. However, the plasmonic properties of the aggregate evolve much more slowly, as the effect of an incremental increase in the size of the aggregate causes a diminishing redshift in the observable plasmon resonance. Figure 2a shows the time-dependent absorption spectra of Ag nanoparticles after their addition to a solution containing the aggregating agent spermine. The single particle plasmon peak at 410 nm stays at a constant wavelength and its amplitude decreases with time, while the second, red-shifted peak, arising from particle− particle plasmon interactions, continues to red-shift as the aggregation progresses. This red-shift of the interaction peak is rather large in the first minute of aggregation, but it asymptotically approaches a constant level after a few minutes. This can be seen more clearly in Figure 3a showing the position of the average interaction plasmon peak vs time. A detailed explanation for a very similar process in gold nanoparticle aggregation was recently given by Taylor et al. 37 We expect our silver nanoparticle aggregation to follow a similar diffusionlimited dynamics, as our aggregating agent (spermine) is present in high excess compared to the nanoparticles (10 6 :1). This excess gives a very fast initial aggregation, followed by a very slow second phase of the red-shifting of the plasmon interaction peak. The effect is also captured, at least qualitatively, in theoretical predictions of the plasmon resonance of a linear chain of closely spaced metallic spheres as a function of chain length, as shown in Figure 2b . Our experimental results are consistent with these predictions, although the actual resonances are at a slightly longer wavelength due to the 3D nature of the aggregates (as opposed to the 1D chains considered in the simulation).
■ RESULTS AND DISCUSSION
As the extinction peak of the interaction plasmon shifts rapidly and then becomes stable, one would also expect to see such stabilization in the fluorescence enhancement. For SEF experiments, we chose a fluorophoreAtto-655 (A655)with excitation and emission peaks very close to the wavelength where the interaction plasmon stabilizes (670 nm) to achieve high fluorescence enhancement (see Figure S3 in Supporting Information). The average SEF enhancement factor was measured as the ratio of the fluorescence intensity from a solution including dye-labeled DNA, silver nanoparticles, and aggregating agent to that of a similar solution but without the aggregating agent, as explained previously. 28 The change in fluorescence enhancement with time can be seen in Figure 3b . In the first few minutes, as the interaction plasmon shifts to the red and comes closer to the excitation and emission wavelength we have used, one can see that the fluorescence enhancement increases. In parallel to the stabilization of the plasmon peak, we see a similar stabilization in the enhancement factor. The slight decrease in the fluorescence enhancement after 100 s, which was experimentally verified not to be caused by photobleaching, is attributed to the decrease in the extinction at the excitation wavelength, as explained below.
These observations can be further analyzed within the framework of the electromagnetic theory of SEF, from which we here only use a simplified version and highlight below the most relevant features (see Supporting Information and refs 21, 29, and 39−41 for further details). The fluorescence intensity is affected by the metal nanoparticles in two ways. First, the excitation process is enhanced by the local field intensity enhancement factor at the excitation wavelength λ L , which we denote M Loc (λ L ). In addition, the quantum yield for emission is also modified (compared to the native quantum yield Q 0 ) and can be approximated as 29,41 Q = M Rad (λ R )/M Tot , where M Tot is the total decay rate enhancement factor (with respect to the native radiative rate) and M Rad (λ R ) is the radiative enhancement factor (at the emission wavelength λ R ). Moreover, due to (a) UV−vis spectra of the nanoparticle aggregation with time. Spectra measured every 5 s for the first 5 min of aggregation. The experiment was performed using 100 pM Ag nanoparticles, 500 pM DNA, and 100 μM spermine, except for the top (black) spectrum obtained without aggregating agent. (b) Predicted normalized extinction (absorption + scattering) spectra of silver nanoparticle chains with 34 nm particle diameter and 1.5 nm particle spacing for different number of spherical nanoparticles in the chain. These results were obtained from full electrodynamics calculations carried out using finite element modeling 38 (see Supporting Information for details).
optical reciprocity, 42 we can also approximate M Rad (λ R ) by M Loc (λ R ), which is expected to follow the extinction at λ R = 690 nm. We therefore obtain for the fluorescence enhancement factor the simplified expression
This expression justifies the use of the product Q 0 × M SEF as a fluorophore-independent figure of merit for the SEF enhancement and not just M SEF because in that case experiments with poor fluorophores (i.e., with small Q 0 ) would result in artificially inflated fluorescence enhancement. In our aggregation experiments, the local field intensity factor, M Loc (λ), should change with time as the plasmon peak red-shifts, and this variation is approximately proportional to the measured extinction at the corresponding wavelength λ 43,44 (see also Supporting Information for further justification). Moreover, the factor M Tot can be decomposed into its radiative contribution (essentially M Rad ), which follows the spectral profile of the plasmon resonance, and its nonradiative contribution M NR , which is not strongly geometry-and wavelength-dependent. When the latter dominates (in particular, for molecules directly adsorbed on the metal), the fluorescence enhancement factor should be qualitatively proportional to the product of the extinction at λ L = 650 nm and λ R = 690 nm. However, if the radiative contribution dominates (i.e., M NR ≪ M Rad (λ R )), then the fluorescence enhancement reduces to M SEF ≈ ηM Loc (λ L )/ Q 0 , where the modified quantum yield η = M Rad /M Tot does not depend strongly on λ R (and η ≈ 0.4; see Supporting Information). M SEF should then follow the variation of the extinction at λ L = 650 nm only. (See Supporting Information for the comparison of M Rad and η spectral characteristics for the model case of a nanoparticle dimer.) In Figure 3c , we observe a very good agreement between the time dependence of the SEF signal and that of the extinction at 650 nm (but not with that of the product of extinctions). We therefore conclude that the radiative contribution dominates the total decay rate enhancement factor. This arises in our system from a combination of two effects. First, the DNA-labeled fluorophores are not directly adsorbed on the surface and are therefore slightly further away from the NP surface, which reduces to some extent the magnitude of the nonradiative enhancement factor M NR . We estimate the distance to the surface to be of the order of d = 1.5−2 nm (as inferred from TEM images 28 ), which corresponds to M NR of the order of 130−650 (eq S4 in the Supporting Information). Second, the local field enhancement and radiation enhancement can be very large in our system, in particular for molecules close to the gaps between particles (socalled hot-spots). For these, M Rad as large as 10 4 is predicted from EM calculations at the plasmon resonance. It is likely that due to steric hindrance, DNA-labeled fluorophores do not actually reach the gap in between two NPs but only approach it. Even then, relatively large enhancement factors, M Rad ≈ 3000, are predicted in the vicinity of the hot-spot (for example, 20°o
ff-axis; see Supporting Information). Since those molecules at (or close to) hot-spots dominate the SEF signal, one can reasonably expect that the radiative contribution dominates M Tot , as indeed measured. This is in sharp contrast with experiments where the SEF spectral dependence followed the product of extinction at excitation and detection wavelengths. 39 In this latter case, the molecules were directly adsorbed on the metal and nonradiative decay dominated the factor M Tot . In fact, M Tot as large as 4 × 10 5 has been measured in this context. 41 In order to further confirm these interpretations, we carried out fluorescence lifetime measurements in our system to determine the order of M Tot . Although very strong reduction of the observed lifetime is predicted to coexist with high fluorescence intensity enhancement, 45 the actual measurement of lifetime in parallel to the intensity enhancement in SEF is rare, and in most cases the changes in lifetime measured were less than 1 order of magnitude. 10, 17, 46 Only a few examples exist for higher lifetime reduction near metallic structures (while still having enhancement of the fluorescence intensity), but they too were no higher than ∼30×. 7, 47, 48 Using a time-correlated single photon counting (TCSPC)-based lifetime system, the average lifetime of the A655-labeled DNA in solution was measured to be 1.8 ± 0.1 ns (see Figure  4a) . When the same A655-labeled DNA was mixed with the silver nanoparticles and aggregating agent, we could not quantify the lifetime of the enhanced fluorescence, as the observed signal was indistinguishable from our instrument response function (IRF). However, unlike many previous systems where only a single fluorophore is enhanced, we are enhancing many fluorophores in the solution. We were therefore able to use a streak camera to measure both spectrum and lifetime with very high temporal resolution (see Supporting Information for more details).
The fit of the lifetime measurement using the streak camera gives 6.0 ± 0.8 ps, which corresponds to a lifetime reduction of 300× (Figure 4b ), an order of magnitude larger than any previously reported value for a system that shows enhanced f luorescence. We can moreover estimate the native radiative lifetime for this dye from the measured photophysical data of the dye in water to be about 6 ns (30% QY and 1.8 ns lifetime). This would indicate that the brightest dyes experience a total decay rate enhancement factor of M Tot ∼ 1000, in agreement with the theoretical estimates assuming that the fluorophores are 1.5−2 nm away from the surface and cannot fully reach the gap between particles.
A semiquantitative analysis of the various EFs in our system can also be carried out as follows. Taking into account the earlier observation that M Tot is dominated by its radiative component, we also deduce that the local field intensity enhancement M Loc for the brightest dyes (closest to the hotspot) is of the order of M Loc ≈ ηM Tot ∼ 400. Using the unrealistic assumption that all dyes are contributing equally to the enhancement (i.e., they are all as close as possible to the hot-spots), this would imply that the average fluorescence EF is of the order of M SEF ≈ ηM Loc /(Q 0 ) ∼ 1250, which therefore represents the upper limit for this system. The lower observed average fluorescence enhancement of around 150 can therefore be explained by assuming that only ∼12% (150/1250) of the fluorophores in the aggregates contribute dominantly to the SEF signal. This conclusion is similar to that obtained from SERS experiments in aggregated colloidal systems 19, 26, 27 and originates from the distribution of enhancement factor, which varies dramatically on the surface as one moves away from the hot-spot, resulting in a small fraction of the molecules (those closest to the hot-spot, probably of the order of 10% in our case) contributing to the majority of the SEF signal.
In order to compare our results to those we have achieved previously and to the available literature, it should be noted that following eq 1 the fluorescence enhancement factor (EF) is inversely dependent on the original quantum yield of the fluorophore (Q 0 ), and therefore it cannot serve as a good figure of merit for comparison between experiments done using different dyes. However, a more general figure of merit for SEF experiments would be the product of the fluorescence enhancement factor with the quantum yield of the fluorophore (under nonenhanced condition), i.e., the quantity FoM = M SEF Q 0 . Indeed, the electromagnetic model for SEF predicts 29, 40 that this FoM is approximately independent of the fluorophore under study and is therefore an intrinsic property quantifying the SEF performance of a given substrate. Our previous results 28 provide a good illustration of this: different dyes with different Q 0 , and different charges gave fluorescence EFs over a wide range (9−740×) despite being measured in the same plasmonic system. However, when considering our suggested FoM, all results fall in the range of 1−3, which is much narrower, with the spread probably coming out of small differences in orientations and distances from the surface that depend on the exact chemical nature of the dyes used. For the measurements described in this article, the corresponding FoM is 22 ± 3, which is to the best of our knowledge the highest FoM for average fluorescence enhancement reported to date. In fact, it is even comparable to the highest reported singlemolecule fluorescence enhancement FoM of 33 obtained by the Moerner group 47 using bow-tie gap antennas. These figures demonstrate the remarkable potential of aggregated silver colloidal systems as highly efficient surface-enhanced fluorescence substrates.
■ CONCLUSION
In conclusion, we show that coaggregation of silver nanoparticles with dye-labeled DNA creates nanoparticle aggregates with entrapped dye molecules, which effectively behave as selfassembled nanoantennas. For A655-DNA, with a QY of 13 ± 2%, an average enhancement of the fluorescence intensity of 170× (corresponding to a figure of merit of 22 ± 3 for the average SEF) was observed together with a lifetime reduction of 300×. These two observations are consistent with the electromagnetic model of fluorescence, assuming that the molecules are at a distance of approximately 1.5−2 nm from the surface, and the fact that a small fraction (∼10%) of the molecules, those closest to hot-spots, contribute to the majority of the SEF signal. If schemes for site-selective adsorption of 
I. EXPERIMENTAL DETAILS

Reproducibility of measurements:
Unlike single molecules experiment on SEF, were shot noise and other noise source are significant compared to the signal level, in this system all our signals are rather high. This provides a very low intrinsic noise level to our measurements, and as we have shown previously 1 we can get less than 1% coefficient of variation (CV) on repeat experiments.
From a practical point of view, because of the limited dynamic range of photodetectors, when the enhanced fluorescence is below the saturation level of the detector, the fluorescence measurement of the water sample and the dye only sample are low and suffer from noise.
However these two samples are not changing with time, so we average the different time measurements on these samples to get high accuracy. One factor that is important in the measurement is the temperature. The dependence of aggregation on temperature is known from literature, 2 and therefore we conduct all our experiments at room temperature, which is kept constant at the lab at 22°C. It is important to note that it is not the optimal temperature, since in several experiments where the stock solutions were used when they are still cold from the fridge, the intensity enhancement factor was measured to be 10-15% higher that the result reported in this paper. However, in such experiments, the correlation to the aggregation kinetics that was measured independently (and at probably a slightly different temperature of the reactants) was not as good as when all were measured at the same (room) temperature.
Time resolved fluorescence measurements on Silver nanoparticle-dye complexes
In order to confirm that we can use the scattering beam as our instrument response function (IRF), we compared the decay curve of A655-DNA in the presence of silver nanoparticles and aggregating agent to the time response of pinacyanol in methanol (measured under the same conditions) which was previously determined to have a 6 ps lifetime 3 . As can be seen in Figure S1 , the decay of A655-DNA, which gives a lifetime of 6 ps when the scattering curve is used as the IRF, overlaps with the decay curve of pinacyanol. Figure S2 shows the emission spectra of A655-DNA co-aggregated with Ag-NPs as measured in the fluorescence spectrometer, in comparison to that measured by the streak camera. A good agreement is found between the two. In the streak camera system, when the second 645 nm long pass filter is removed, a very strong scattering peak (~100× stronger than the fluorescence peak at 680 nm) with a spectral dependence that corresponds to the laser, rather than the fluorescence emission is detected ( Figure S2 , black line). The time decay of this data around 615 nm was used as the IRF of the instrument. Figure S2 : Spectrum of A655-DNA with Ag-NPs and spermine: as measured on the Tecan Safire II spectrometer (blue), as measured by the streak camera using both a 630nm and a 645nm long pass filter (red) and as measured by the streak camera with only the 630nm long pass filter (black). Figure S4 : Time dependence of fluorescence readout for a) pure water; b) no aggregating agent and no silver control (only dye); c)no silver control (dye and aggregating agent); d) full experiment containing dye-labeled DNA, aggregating agent and silver nanoparticles; e) no-DNA control (only spermine and Ag nanoparticles); f) no dye control (unlabelled DNA, spermine and Ag nanoparticles). In all experiments final dye concentration is 0.5 nM, final spermine concentration is 100 µM and final silver concentration is 100 pM. Electromagnetic calculations based on the dimer model
Control experiments
II. THEORETICAL CONSIDERATIONS
In order to understand, at least semi-quantitatively, the main features of the electromagnetic model for SEF in our system, we have used the model system of a dimer of two closelyspaced silver nanoparticles. This provides a simplified model of our aggregates, which nevertheless captures the most important physical phenomena associated with gap-containing nanostructures. For this model, all the necessary electromagnetic properties can be calculated efficiently and accurately within the framework of generalized Mie theory (see [5] [6] [7] for details).
In aggregates bigger than a dimer, plasmon resonances are typically redshifted (as in the example of a chain also studied in this work) and damped. As a result, this simplified model cannot predict the position of the plasmon resonance and is also likely to overestimate local field enhancements. With these provisos in mind, it does however allow us to clarify and illustrate on simple examples the concepts that are discussed in the main paper. It is with this goal in mind that we provide the following figures and discussion (see also the supplementary information of 8 for further details).
The parameters used for the calculations have been chosen to match those estimated in our real system. We therefore consider silver spheres (with the dielectric function of 4 ) of radius a=17 nm (34 nm diameter), separated by a gap of g=1.5 nm and embedded in water (n=1.33).
The incident wavelength, λ L , is the main parameter. We here only consider excitation polarized along the dimer axis (and propagating perpendicular to it). This is the situation where a maximum coupling to the main (most redshifted) plasmon resonance of the dimer occurs. In reality, orientation averaging should be carried out, which would typically result in lower average enhancements 9, 10 .
We first compare in Figure S5 the spectral profile of the extinction Q Ext (λ L ) of such a dimer and that of the local field intensity enhancement factor (LFIEF) M Loc (λ L ) in the gap (where it is maximum). As can be seen in Figure S6 , at least close to the interaction plasmon resonance (at 520 nm), M Loc (λ L ) and Q Ext (λ L ) correlate very closely (up to a proportionality factor). It should be noted that when comparing different systems, the actual value of the extinction coefficient may not be correlated with the magnitude of the LFIEF 9 , but for a given system, the wavelength dependence of the extinction coefficient usually provides a good approximation to the spectral profile of M Loc (λ L ). This approximation has in fact been used in the past in similar contexts [11] [12] [13] . Figure S5 : Normalized extinction (blue), and normalized field enhancement (red) spectra for the case of a dimer of 34 nm diameter silver particles with 1.5 nm gap embedded in water.
We now focus on the spectral dependence of the surface-enhanced fluorescence enhancement factor, M SEF (λ L , λ R ) for an emitter at a distance d from the metal surface. As explained in the main text, this factor can be approximated as:
Where η is the modified quantum yield given by: 
M
and has only a mild wavelength dependence in the region of the LSP resonance. As a result, the spectral profile of η(λ R ) is governed by the factor M Rad (λ R ) and is also typically much smaller than 1.
-LSP-resonance-dominated regime, i.e. when These ideas are further illustrated in the theoretical calculations summarized in Figure S6 , using parameters relevant to the experiments presented in the main paper. In order to be able to vary the distance from the surface, we consider emitters on a line angled at α ≈ 21 o from the dimer axis as shown in Figure S6 (a). The maximum distance from the surface is therefore d=2 nm (in the 1.5 nm gap exactly between the spheres, the maximum distance is only 0.75 nm). As shown in Figure S6 (a), the factor M Rad (λ R ) exhibit a resonance associated with the localized Plasmon resonance of the dimer, but its magnitude is not strongly dependent on distance over the small range investigated here. In contrast, SPP NR M is not very wavelength dependent but varies over several orders of magnitude as d changes (see Figure S6(b) ). In the greyed area (short distances), it entirely dominates M Tot as shown explicitly in Figure S6 (c).
As a result, the modified quantum yield η(λ R ) follows closely the spectral profile of M Rad (λ R ) in this regime (short distances). For larger distance, however, η(λ R ) is of the order of 0.4
around the resonance and exhibit a much less pronounced wavelength dependence ( Figure   S6(d) ).
